Is Sonoluminescence due to Collision-Induced Emission? by Frommhold, Lothar & Atchley, Anthony A.
Calhoun: The NPS Institutional Archive
DSpace Repository
Faculty and Researchers Faculty and Researchers' Publications
1994
Is Sonoluminescence due to Collision-Induced Emission?
Frommhold, Lothar; Atchley, Anthony A.
The American Physical Society
Frommhold, Lothar, and Anthony A. Atchley. "Is sonoluminescence due to
collision-induced emission?." Physical review letters 73.21 (1994): 2883.
http://hdl.handle.net/10945/62203
This publication is a work of the U.S. Government as defined in Title 17, United
States Code, Section 101. Copyright protection is not available for this work in the
United States.
Downloaded from NPS Archive: Calhoun
VOLUME 73, NUMBER 21 PHYSICAL REVIEW LETTERS 21 NovEMBER 1994
Is Sonoluminescence due to Collision-Induced Emission?
Lothar Frommhold
Physics Department, University of Texas at Austin, Austin, Texas 78712-1081
Anthony A. Atchley*
Applied Research Laboratories, University of Texas at Austin, Austin, Texas 78713-8029
(Received 17 August 1994)
We estimate the collision-induced emission (CIE) intensity and profile in the visible and near UV
region of the spectrum of N2-X pairs, where X represents another N2 molecule or an argon atom,
etc. of shock waves believed to exist in sonoluminescence experiments. Calculated profiles consist
of superimposed high overtone bands and resemble the measured profiles. Intensities calculated on
the basis of a few, simple assumptions concerning the induced dipole surface compare favorably with
measurements. The agreement obtained suggests that CIE is an attractive alternative to bremsstrahlung
to explain sonoluminescence. The CIE source is optically thin, and the spectral emission profile is not
related to Planck's law.
PACS numbers: 43.20.+g, 33.70.—w, 34.10.+x, 78.60.Mq
A single bubble of air may be trapped in an acous-
tic standing wave setup in a water-filled container. If
the proper drive frequency and amplitude are applied, the
bubble may emit short bursts of light, an effect called
sonoluminescence. Some recent explanations of sonolu-
minescence have centered on the idea that a converging,
spherically symmetric shock wave is launched in the gas
in the interior of the bubble, as the bubble collapses under
the influence of the acoustic standing wave. The assump-
tion has been that the temperature in the (reflected) shock
wave is so high that ionization and emission by electronic
excitation and/or bremsstrahlung occur [1]. Temperatures
in excess of 10 K are often assumed in such work.
Collision-induced absorption (CIA) and emission (CIE)
arise from dipoles induced by intermolecular interactions
("collisions" ). Especially the absorption spectra of the
common, nonpolar gases (e.g., hydrogen) have been
studied in great detail in a number of laboratories; a
recently published monograph summarizes the present
knowledge [2]. Collision-induced emission, on the other
hand, is less studied, but is thought to be an important
source of electromagnetic radiation in the atmospheres of
planets and cool stars [3,4]. Infrared emission of shock
waves has also been explained in terms of CIE [5]. In
this Letter, we want to explore the possible connections of
sonoluminescence and collision-induced emission. CIE in
the visible region from shock waves at temperatures much
lower than 10 K is expected at high gas densities.
Caledonia et aI. reported studies of interaction-induced
light emission in the H2 fundamental band (near 2.4 p, m)
at densities from 10 to 50 amagats behind reflected
shock waves of hydrogen in argon, xenon, and neon,
over a temperature range from 900 to 3400 K [5]. The
emission was found to be dominated by the H2 Q branch
at high temperature, which arises primarily from the
overlap-induced dipole component in an H2 molecule
interacting with a rare gas atom. Similar interaction-
induced emission spectra are to be expected in virtually all
molecular gases and gas mixtures in the overtone bands,
whenever gas densities are high enough and sufficiently
high-lying vibrational levels are populated.
If the temperature of a gas is insufficient for ex-
citations of electronic states, molecules with inversion
symmetry, e.g., N2, Ar, etc. , do not absorb or emit
radiation in the visible or infrared region. However, inter-
acting pairs of molecules, e.g., N2-N2, N2-Ar, etc. , possess
interaction-induced dipoles which typically absorb radia-
tion at frequencies ranging from the far infrared to the
visible region. At high temperatures, if sufficient vibra-
tional excitation exists, these dipoles emit radiation in the
various vibrational bands, possibly even in high overtone
bands in the visible region. Three mechanisms are known
which generate dipoles in binary interactions: overlap-
induced dipoles, multipole-induced dipoles, dispersion-
induced dipoles. The known facts concerning induced
dipole moments are collected elsewhere [2].
For an understanding of sonoluminescence, we will
be interested largely in the overlap-induced dipole com-
ponents which should be the most significant dipole
components at the temperatures of interest (i.e., many
thousands of kelvin). The isotropic overlap component
(labeled AL = 01) will be of particular interest, even
if other dipole components, e.g., various anisotropic
overlap-induced and multipole-induced ones, ternary
dipoles, etc. , should be considered at a later time.
Initially, in a typical binary collision, the interact-
ing partners are widely separated. At that point, the
interaction-induced dipole moment p, is negligibly small.
Its magnitude increases with decreasing separation as the
collision progresses. It peaks near the point of closest
approach and falls off to zero after that. The dipole mo-
ment will also be modulated by the vibrational and rota-
tional motions of the interacting molecules. The resulting
spectra are the Fourier transform of the dipole function
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p, (t): a broad "translational" line at zero frequency is thus
obtained with rotovibrational sidebands and new bands
at sums and differences of the rotovibrational transition
frequencies —even if these rotovibrational transitions are
dipole-forbidden in the noninteracting molecules. Owing
to the short collisional interaction times (= 10 '-' s), the
interaction-induced lines are highly diffuse (= 10'3 Hz),
especially at the higher temperatures.
In the vibrational bands, the absorption coefficient n at
temperature T and angular frequency cu = 2mcv may be
written [6,7]
a(cp; T) = fN,'g, @2~ 1 —exp-
3hnc ( kT j
X Vg, (cp; T). (1)
In this expression, g~ and g2 are the number densities
of the gases 1 and 2, respectively; NL = 2.68 x
10' cm amagat is Loschmidt's number; n is the
refractive index; V is the volume; p is the frequency
measured in cm ' units; and g, (tp; T) is the spectral
density,
Vg, (a); T) = QP, (T)VG, (ar —cp, , ; T, s, s'),
s,s'
which consists of a number of superimposed rotovibra-
tional lines [7],
(2)
G, (tp; T, s, s') = QP, ((tip, , it')) 8(tp, , —tu), (3)
t, tt
~ = cu —cu„ is a frequency shift relative to a line cen-
ter. The translational matrix elements (tip,„it') involve
rotovibrational dipole matrix elements, p, , = (~I@I&');
initial and final translational and rotovibrational states of
the interacting pair are designated it), it' ), is), is' ), respec-
tively; the subscript s = {v&,j&, v2, j2] denotes the rota-
tional and vibrational quantum numbers of the interacting
molecules; Bohr's frequency condition implies htp, , =
E,I —E, and hcu, , = E, —E„where E, is the kinetic
energy of relative motion of the collisional partners and
E, is the sum of the rotovibrational energies of the two
molecules in collisional interaction; P, is the normal-
ized Boltzmann factor of the rotovibrational state popu-
lation; B(tp) is Dirac's delta function. The total energy
is E, + E„and for absorption the initial energy must be
smaller than the final energy. P, = Ap/V and Ap is the
thermal de Broglie wavelength of relative motion of the
pair so that VG, is actually independent of volume V.
Further details may be found elsewhere [2].
For an optically thin source, the interaction-induced
total power emitted per unit volume, at frequencies
between ru and cp + dip, is given by [2]
4ccP
I(tp; T) = 3 NLg~g2Vg, (tp; T), (4)3c
Vg, (cu; T) = QP, (T)VG, (cu, , —tp; T, s, s'). (5)
s,s'
g, (~; T) (4) differs from g, (cp; T) (2) because the initial
energy E, + E, must now be greater than the final energy
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Mi(T, s, s') = S
~172
M2(T, s, s') = S 1 + ——+ —
i
71T2 'r2 (ti t2 j
Above in (6) and (7), we have used the abbreviations
z = {I:1 + ( i )']( 2 + p))'"/
rp = h/2kT.
K~ (z) is a modified Bessel function of the second kind.
In the interaction-induced spectra of pairs such as N2-
X (with X being another N2 molecule or an argon atom,
etc.), the Q lines are the most striking features, especially
at the high temperatures [2]. We model therefore the Nq
molecule simply by its vibrational levels [11]
E„=2359.61(v + 1/2) —14.456(v + 1/2) (9)
+ 0.00751(u + 1/2)' —0.000509(v + 1/2) cm
which is admittedly inaccurate at the highest levels.
Assuming the dissociation energy of N2 to be 9.3 eV,
we cut off vibrational levels computed from the above
formula at v = 31; v is the vibrational quantum number.
The interacting partner X will be assumed not to have
vibrational levels (e.g., Ar); if X = Nq, double vibrational
transitions will thus be neglected. The population of the
vibrational states is given by
P„(T) = Z(T) ' exp( —E,/kT), (10)
where Z(T) = g„p, 3, exp( —E„/kT) is the sum over
vibrational states.
Our model of the isotropic part of the N2-N2 interaction
potential is of the n(r) —6 (or Maitland-Smith) form,
with a well depth of e/k = 104.2 K and the root o. =
0.3632 nm [12]. For simplicity, we will also use the
same model to describe N2 —Ar and similar interactions.
The exact value of the well depth interaction is rather
insignificant at the high temperatures considered.
For the computation of the spectral moments M„we
need the induced dipole surface p„, a function of the
separation R of the interacting partners; the vibrational
E,. + E, . In other words, we have redefined the 6
function in (3) according to 6(tp, , + cu).
Quantum mechanical and classical computer codes ex-
ist for the computation of the profiles VG(tp; T, s, s') [2].
Simple, analytical functions, I (tp; T, s, s'), are also known
which approximate the quantum profiles (3) reasonably
well [2,8] so that quantum computations may often be
avoided. The better model profiles have three parameters,
S, T~, and r2 [9],
zK&(z) r2
I (tp; T, s, s') = S— exp —+ so~
m 1+ (r, tp)'
which may be computed from the three spectral moments
(i.e., sum formulas) of lowest order [10],
Mp(T, s, s') = S,
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coordinate r of N2, and the orientation of the molecu-
lar axis, cos 6 = R - r. From these, the matrix elements
(v ip, iv') must be calculated. This information is, however,
not available. Very limited information exists only for the
vibrational ground state, v = v' = 0, and the fundamen-
tal band, v = 0 ~ v' = 1 [13—15], while we need such
matrix elements for v and v' up to 20 and higher. Fortu-
nately, of the known induced dipole mechanisms only one
matters in nonpolar gases at the temperatures of interest:
the overlap-induced component, often referred to as the
AL = 01 component, which is zero if the two interacting
N2 molecules are in exactly the same rotovibrational state.
This component gets generally larger, the more so the more
the interacting partners differ: interacting N2 molecules in
very different rotovibrational states are expected to have
sizeable dipole components of the kind, and N2-Ar pairs
have even bigger ones, etc. These give rise to the striking
Q lines observed in the vibrational bands in interaction-
induced absorption, especially at the high temperatures.
Overlap-induced dipole components, like intermolecu-
lar repulsion, may be modeled by an exponential,
Bpl (R) = b exp —a(R —o.),
with constants a and b, which depend on the nature
of the interacting molecules (e.g. , N2-N2 or N2-Ar, etc.)
and the rotovibrational initial and final states, s and s.
However, in the known cases [2], the a parameter always
amounts roughly to 10/o. and b to (1—10) x 10 s a.u. ;
o. is the root of the isotropic potential. Owing to the
lack of better data, we will assume the same parameters
a = 10/o. and b = 1 X 10 3 a.u. , independent of v, v',
for a rough estimate of the emitted interaction-induced
intensities. %ith that information, the spectral moments
M„, for n = 0, 1, and 2 are computed [10]and from these
the functions I' [16],which we substitute for VG, (5).
In Fig. 1 we plot emitted intensities per unit wavelength
A, per volume, and per amagat squared. Since Eq. (4)
specifies intensities per des = (2m. c/A2)dA, the factor in
front of dA has been applied to the right-hand side of
Eq. (4). Results are shown for 11 temperatures from 6000
to 100000 K. We note that the structures (especially at
low temperatures) are almost certainly artifacts related to
our neglect of the rotational spacings of the energy levels,
Eq. (9).
In Fig. 2 the absorption coefficient n over density
squared is plotted, again for these temperatures. 1/n
is the mean free path for absorption of a photon at the
given wavelength. As long as this free path is greater
than the dimensions of the source, the source is optically
thin and the results of Fig. 1 are applicable. Under such
conditions, Planck's radiation law does not apply because
emitted photons escape without being reabsorbed. The
spectra may thus be approximated by calculated binary
interaction-induced line shapes. To that end, accurate
dipole and potential surfaces are needed; we had to use
crude approximations, especially of the dipole surface, for
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FIG. 2. The calculated absorption coefficient u over gas
densities of N2 and X, for 11 temperatures from 6000 to
100000 K; the numbers 8—50 are short for 8000—50000 K.
Structures discernible at low temperatures are artifacts.
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FIG. 1. Total emission in watt per unit source volume, over
gas densities of N2 and X, per 1 nm wavelength, for 11
temperatures from 6000 to 100000 K; the numbers 8—50
are short for 8000—50000 K; continuous wave emission is
assumed. Also shown is a measurement 18 (circles). The
structures discernible at low temperature are artifacts.
the vibrational coordinate dependence of the interaction
potential, for the same reason. The work thus amounts to
a crude estimate of the expected intensities of interaction-
induced emission, but we believe the calculated profiles
to be realistic. The uncertainty of absolute intensity may
perhaps amount to 1 or 2 orders of magnitude in either
direction.
In order to compare the results of the calculations with
experimental ones, some assumptions must be made about
the state of the bubble at the instance of light emission.
The assumptions are guided by the shock wave model
[1]. It is assumed, for the sake of calculations, that the
light is emitted from a highly compressed region of gas
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of radius 10 nm located at the center of the bubble. The
density in this region is assumed to be 100 amagats (i.e.,
roughly 100 times STP density). The emission lasts for
1 ps and the acoustic period is 100 p, s. Under these
assumptions, the vertical axis in Fig. 1 can be converted to
spectral radiance by multiplying the numbers on the axis
by a factor of approximately 10 . Hence, the number
1 on the vertical axis corresponds to 1 x 10 W/nm.
Spectral radiances of such an order are consistent with
spectra reported for air bubbles in cooled water [17].
A crude estimate of the number of photons emitted per
sonoluminescence burst in the wavelength range 200—
700 nm based on the previous assumptions is 107. This
result is again in order of magnitude agreement with
reported experiments [17]. It is pleasing that reasonable
assumptions yield reasonable agreement from a model
that is, at this point, still crude.
Assuming the same density as above, the absorption
coefficient corresponding to the number 1 on the vertical
axis of Fig. 2 is 0.01 cm . This leads to a mean free
path for absorption of a photon of approximately 100 cm.
It can be concluded that the mean free path for any
temperature or wavelength represented in Fig. 2 is larger
than the size of the source. The optically thin assumption
is well justified.
The circles in Fig. 1 represent the measured spectrum
of sonoluminescence from air bubbles in water [18]. The
spectrum has been scaled arbitrarily to fit on the graph.
The point of including it on the graph is to compare a
typical measurement with our calculated profiles. It is
seen that the trends of the two spectra are in reasonable
agreement.
In the visible and near UV, the emission spectra are
interaction-induced high overtone and "hot" bands, which
are more or less familiar from interaction-induced absorp-
tion spectra at low temperatures. Electronic excitation and
bremsstrahlung are not needed to explain the emitted in-
tensities at high gas densities and temperatures such as the
ones shown above; bremsstrahlung requires the presence
of free electrons (i.e., substantial ionization) and much
higher temperatures, in the 10 or 10 K range.
We note that several interaction-induced overtone spec-
tra, up to 0 3, were studied in some detail, mostly of
H2 [19]. Similarly, in planetary atmospheres overtones
up to 0 4 were reported [20,21]. Above, we speculate
that for N2-X pairs much higher overtone bands may be
significant, up to 0 20 or more. Unfortunately, experi-
mental verification of induced bands of such high over-
tones does not exist at this point, but we note that the
H2 0 4 transition involves a vibrational state which lies
almost halfway between the vibrational ground state and
the dissociation limit of H2. In that sense, the N2 over-
tone bands considered here do not differ much from these
well-established observations. Moreover, at the tempera-
tures of interest, emission of high N2 overtone bands seems
likely because virtually any collisional partner, as long as
it is not in the same rotovibrational state or the electronic
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charge distribution differs otherwise, will induce a dipole
component by overlap and exchange forces which features
emission in these bands.
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